The entorhinal cortex (EC) serves as a gateway to the hippocampus and plays a pivotal role in memory processing in the brain. Superficial layers of the EC convey the cortical input projections to the hippocampus, whereas deep layers of the EC relay hippocampal output projections back to the superficial layers of the EC or to other cortical regions.
Introduction
Long-term potentiation (LTP) and depression (LTD) are considered as the cellular models for learning and memory (Izquierdo 1994) . The entorhinal cortex (EC) is part of a network that aids in the consolidation and recall of memories (for reviews see Haist et al. 2001; Squire et al. 2004; Dolcos et al. 2005; Steffenach et al. 2005) . The EC has been regarded as the gateway to the hippocampus since it mediates the majority of connections between the hippocampus and other cortical areas (Witter et al. 1989 (Witter et al. , 2000 . Sensory inputs converge onto the superficial layers (layers I-III) of the EC (Burwell 2000) which give rise to dense projections to the hippocampus (Amaral and Witter 1995) . On the other hand, neurons in the deep layers of the EC (layers IV-VI) relay a large portion of hippocampal output projections back to the superficial layers of the EC (Kohler 1986 (Kohler , 1988 Dolorfo and Amaral 1998a, 1998b; Gloveli et al. 2001; van Haeften et al. 2003) and to other cortical areas (Witter et al. 1989; Amaral and Witter 1995) . Similar to other synapses in the brain, the EC expresses NMDA receptor-dependent LTP (Alonso et al. 1990; de Curtis and Llinas 1993; Yang et al. 2004 ) and LTD (Cheong et al. 2002; Kourrich and Chapman 2003; Bouras and Chapman 2003; Solger et al. 2004; Yang et al. 2004; Zhou et al. 2005) . However, the synapse specificity and the cellular and molecular mechanisms underlying the long-term plasticity in the EC remain to be determined.
About seventy percent of the neurons in layer II of the EC are stellate neurons (Klink and Alonso 1997) whose axons form the perforant path that innervates the dentate gyrus granule cells, CA1 and CA3 pyramidal neurons, and several subtypes of hippocampal interneurons (Ruth et al. 1982 (Ruth et al. , 1988 Steward and Scoville 1976) . Stellate neurons Page 3 of 44 4 themselves receive glutamatergic innervations from the pyramidal neurons in the deep layers of the EC (Witter et al. 2000) . The excitability of the stellate neurons therefore is likely to play a pivotal role in controlling the functions of the hippocampus. Whereas the cellular and molecular mechanisms of long-term plasticity at hippocampal synapses are well-studied, those at the EC synapses have not been determined. In the present study, we studied the long-term plasticity at synapses formed between layer II stellate neurons and the inputs of the pyramidal neurons in the deep layers of the EC in juvenile rats. Our results indicate that stellate neuron synapses display NMDA receptor-dependent LTD with no expression of LTP. We have also shown that the expression of LTD was mediated by AMPA receptor endocytosis that required the functions of calcineurin and ubiquitin-proteasome system.
Material and Methods

Hippocampal slice preparation
Horizontal hippocampal slices (400 µm) including the EC, subiculum and hippocampus were cut using a Vibratome (Leica VT1000S) usually from 15-to 22-day-old Sprague Dawley rats as described previously (Deng and Lei 2006; Deng et al. 2006) . After deeply anesthetized with isoflurane, rats were decapitated and their brains were dissected out in ice-cold saline solution that contained (in mM): 130 NaCl, 24 NaHCO 3 , 3.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 5.0 MgCl 2 , and 10 glucose, saturated with 95% O 2 and 5% CO 2 , pH Fig. 1A, 1B ). These neurons have unique electrophysiological properties, i.e., hyperpolarizing current pulse injection always caused the membrane potential to attain an early peak and then "sag" to a steady-state level (Alonso and Klink 1993, Fig. 1C ). The generation of sag response is due to the selective expression of hyperpolarization-activated cation channels (H-channels) in Page 5 of 44 6 stellate neurons (Dickson et al. 2000) . Because QX-314 is a potential H-channel blocker (Bischoff et al. 2003) and its inclusion in the recording pipettes would reduce the sag response, we initially tried to use intracellular solution that did not contain QX-314.
However, the contamination of the action potential prevented reliable recordings of EPSCs. We therefore included low concentration (0.2 mM) of QX-314 in the recording pipettes. After formation of whole-cell recordings, we quickly (usually in less than 2 min) recorded the voltage responses by injecting currents from +0.1 to -1 nA at an interval of -0.1 nA (Fig. 1 C) in current-clamp. In this condition, we can still observe nice initial sag response, but prevented the contamination of action potentials on the recordings of EPSCs when QX-314 was dialyzed into the soma and dendrites later. The effect of QX-314 on sag response was likely to be negligible because action potentials were still observed in this period (Fig. 1C) . We used the method developed by van der Linden and Lopes da Silva (1998) and Dorval and White (2005) by calculating the percentage of the sag according to the equation ((peak -steady-state)/peak x 100%). Plot of the percentage of the sag responses versus the currents injected showed a linear relationship (Fig. 1D ).
Because Dorval and White (2005) defined stellate neurons as cells displaying >20% sag response and our cells surpassed this criterion at every current injected (Fig.1D) , we defined cells exhibiting >20% sag in response to -1 nA hyperpolarizing current injection as stellate neurons. After identifying the stellate neurons in current-clamp, we switched to voltage-clamp to record AMPA receptor-mediated EPSCs evoked by placing a stimulation electrode in layer IV to stimulate the inputs from the deep layers (Fig. 1A) .
The holding potential was at -60 mV. In this condition, the recorded responses were completely blocked by DNQX (10 µM) indicating that they were mediated by 
Recordings of evoked field potentials
An extracellular recording pipette (2-5 M ) containing 2 M NaCl was positioned in layer II of the EC and a concentric bipolar stimulation electrode (Frederick Haer and Company) was placed in layer IV to stimulate the inputs from the deep layers. Constant current pulses (0.1 ms, 100-300 µA) were delivered using a stimulus generator (WPI, Model A300) and a stimulus isolation unit (Model A360). Evoked field potentials were Page 7 of 44 8 amplified 100 times, filtered at 1 Hz and digitized at 10 kHz. The slope of evoked field potential responses was measured using the program Clampfit (Axon Instruments).
Peak-scaled nonstationary variance analysis
Peak-scaled nonstationary variance analysis was used to calculate the conductance and numbers of synaptic AMPA receptors (Traynelis et al. 1993; Traynelis and Jaramillo 1998; Benke et al. 1998; Lei and McBain 2002; Lei et al. 2003) 
, where E is the holding potential, and E rev is the reversal potential that was measured to be close to 0 mV under our recording conditions. 
Data analysis
Results
Stellate neuron synapses are devoid of HFS-induced LTP, but exhibit LFS-and pairing-induced LTD
Stellate neurons in layer II of the EC receive glutamatergic innervation from the pyramidal neurons in the deep layers and the axons of stellate neurons form the perforant path which innervates the dentate gyrus granule cells. We initially examined the longterm plasticity at the stellate neuron synapses. We recorded from the stellate neurons in layer II of the EC and stimulated the inputs from the deep layers by placing a stimulation electrode in layer IV (Fig. 1A) . After recording sag response in current-clamp to identify stellate neurons, we switched to voltage-clamp to record AMPA receptor-mediated
EPSCs. GABA A responses were blocked by including bicuculline (10 µM) in the extracellular solution. In this condition, HFS (100 Hz for 1s, repeated 3 times at an interval of 10 s), a protocol used widely to induce LTP, failed to induce significant changes in AMPA EPSCs (99±7% of control, n=8, p=0.87, Fig. 2A ). We tested the Fig. 3B ) excluding the inefficacy of the induction paradigm. We also used perforated patch recordings to test whether intracellular molecules required for LTP induction were washed out during the processes of whole-cell recordings. In this recording configuration, application of the pairing paradigm still induced LTD (57±5% of control, n=9, p<0.0001, Fig. 3C ). We also performed the experiments in high Fig. 3D ).
We next examined whether the stellate neuron synapses express chemical LTP by applying forskolin, an adenylyl cyclase activator which increases the generation of cyclic AMP and induces LTP (Weisskopf et al. 1994; Huang et al. 1994; Maccaferri et al. 1998 ).
Application of forskolin (50 µM paradigm induced LTP at CA1 pyramidal neuron synapses but LTD at stellate neuron synapses, we reasoned that the distinct effects might be due to differences in NMDA receptor density at those two synapses, i.e. the density of NMDA receptors at the stellate neuron synapses is lower than that at the CA1 pyramidal neuron synapses. We tested this possibility by comparing NMDA/AMPA EPSC ratio at these two synapse types. We initially recorded AMPA EPSCs at -60 mV and then recorded the EPSCs mediated by both NMDA and AMPA receptors at +40 mV. NMDA receptor-mediated current was measured 50 ms after the stimulus artifact at +40 mV (Lei and McBain 2004) .
NMDA/AMPA EPSC ratio at the stellate neuron synapses (0.81±0.13, n=6) was lower than that measured at CA1 pyramidal neuron synapses of the hippocampus (1.37±0.10, n=7, p=0.005, Fig. 5A ) suggesting that the low density of NMDA receptors at the stellate neuron synapses might be the reason that application of the pairing paradigm at this synapse type induced LTD instead of LTP. 
Postsynaptic expression of pairing-induced LTD at stellate neuron synapses
We then examined whether the expression of pairing-induced LTD at stellate neuron synapses was presynaptic or postsynaptic in origin using the following two approaches.
First, we calculated the coefficient of variation (CV=SD/mean) before and after the induction of LTD (Fig. 6A) . The values of CV were not changed after LTD induction (control: 0.141±0.017, LTD: 0.146±0.018, n=20, p=0.39, Fig. 6A ). Second, we calculated the paired-pulse ratio (PPR) before and after LTD induction. PPR was not significantly changed after the induction of LTD (control: 1.09±0.05, LTD: 1.11±0.07, n=10, p=0.76, Fig. 6B ). These data suggest that the expression of LTD is postsynaptic.
Stellate neuron LTD involves a reduction in postsynaptic AMPA receptor number
LTD at the stellate neuron synapses could result from a decrease in single-channel conductance ( ) or open probability of AMPA receptors or a reduction in the number of available postsynaptic AMPA receptors. To differentiate these possibilities, we used peak-scaled nonstationary variance analysis (Traynelis et al. 1993; Traynelis and Jaramillo 1998; Benke et al. 1998; Lei and McBain 2002; Lei et al. 2003 ). The synaptic current amplitude varies not only as a result of random channel gating, but also with variations in the transmitter release, the temporal and spatial transmitter concentration profile and the numbers of channels in the postsynaptic membranes (when synaptic currents arise from different release sites). Because variations in amplitude will contaminate the calculation of variance attributable to channel gating, the individual events have to be scaled such that their peak amplitude equals the average peak amplitude.
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Therefore, peak-scaled variance analysis yields estimates of the single-channel conductance and the number of open channels without being able to resolve the open probability. Using this analysis we probed whether LTD was related to a reduction in single channel conductance or postsynaptic AMPA receptor number or both.
The single-channel conductance of the AMPA receptors calculated by the peak-scale variance analysis was not significantly changed after the induction of LTD (control, 29.1±3.0 pS; LTD, 28.1±3.6 pS; n=7; p=0.59, Fig. 7) . In contrast, the number of AMPA receptors on the postsynaptic membrane was significantly reduced after LTD induction (control, 168±12; LTD, 100±8; n=7; p=0.0007, Fig. 7 ). These results suggest that stellate neuron LTD is associated with a reduction in the number of postsynaptic AMPA receptors, consistent with the mechanisms observed at other synapses (Linden 2001).
Stellate neuron LTD involves AMPA receptor internalization
Postsynaptic AMPA receptor translocation is an important mechanism in the expression of NMDA receptor-dependent LTD (Carroll et al. 1999; Lüscher et al. 1999; Lüthi et al. 1999; Man et al. 2000; Matsuda et al. 2000; Wang and Linden 2000; Sheng and Kim 2002; Song and Huganir 2002) . NMDA receptor-dependent LTD expression involves a pool of AMPA receptors regulated by NSF-GluR2 interactions at Schaffer collateral-CA1 pyramidal neuron (Lüscher et al. 1999; Lüthi et al. 1999; Noel et al. 1999; Lee et al. 2002) and cerebellar (Steinberg et al. 2004 ) synapses. NMDA receptor-induced endocytosis of AMPA receptors is dependent on both Ca 2+ and the activity of protein phosphatase (Beattie et al. 2000; Ehlers 2000; Morishita et al. 2005) . We next examined whether expression of LTD at stellate neuron synapses similarly involved a translocation of AMPA receptors using the broad-spectrum NSF inhibitory peptide, commonly referred to Page 18 of 44 as pep2m (Lüscher et al. 1999; Lüthi et al. 1999; Shi et al. 2001; Lee et al. 2002) . Infusion of pep2m (0.5 mM) into the cells via the recording pipette led to a reduction in AMPA receptor EPSCs (51±8% of control, n=7, p=0.0009, Fig. 8A ) suggesting that translocation of AMPA receptors at stellate neuron synapses is dependent on NSF-GluR2 interactions.
In the continuous presence of pep2m, application of the pairing paradigm failed to induce LTD (86±7% of the value before pairing, n=7, p=0.1, Fig. 8A ) suggesting that LTD at stellate neuron synapses involves the endocytosis of a pool of AMPA receptors that require the function of NSF.
Stellate neuron LTD is ubiquitination-dependent
The endocytosis of AMPA receptors has recently been shown to require the activity of with epoxomicin (100 nM), a cell-permeable proteasome inhibitor, also blocked pairinginduced LTD at the stellate neuron synapses (90±6% of control, n=6, p=0.63, Fig. 8C ).
Together, these results indicate that the function of proteasome is required for the endocytosis of AMPA receptors and LTD at the stellate neuron synapses.
Calcineurin is required for stellate neuron LTD
In hippocampal CA1 pyramidal neurons, NMDA receptor-mediated modest increase in postsynaptic Ca 2+ preferentially activates phosphatase 2B, calcineurin, to induce AMPA receptor endocytosis (Beattie et al. 2000; Morishita et al. 2005) and LTD (Mulkey et al. 1993 (Mulkey et al. , 1994 . We next tested whether calcineurin was required for pairing-induced LTD at the stellate neuron synapses. We pretreated the slices with the calcineurin inhibitor, FK506 (50 µM), which was also continuously bath applied during electrophysiological recordings. In this condition, application of the pairing paradigm failed to induce LTD (94±3% of control, n=6, p=0.12, Fig. 8D ) whereas pre-treatment with and bath application of rapamycin (50 µM), a compound with a structure similar to FK506, but lacking any calcineurin inhibitory activity (Kunz and Hall 1993) had no effect on pairinginduced LTD (55±2% of control, n=6, p<0.0001, Fig. 8D ). These results indicate that the calcium-dependent phosphatase, calcineurin is required for LTD at the stellate neuron synapses of the EC.
Discussion
Our study is the first one to investigate the cellular and molecular mechanisms underlying Because about ~70% of the cells in layer II of the superficial layers are stellate neurons (Klink and Alonso 1997) and the axons of these neurons form the major components of the perforant path that provides the major inputs to the hippocampus, we chose to study the long-term plasticity at the stellate neuron synapses. We initially identified the stellate neurons by their location, morphology and electrophysiological properties. We then combined whole-cell, perforated patch and field recordings and studied the cellular mechanisms of long-term plasticity at the stellate neuron synapses. Our results suggest that the stellate neuron synapses are devoid of HFS-or forskolin-induced LTP. Whereas the reason for the incompetence of stellate neuron synapses to express LTP is not absolutely clear, our results suggest that it is due to the low expression of NMDA receptors at this synapse type because the ratio of NMDA/AMPA EPSCs is lower at this synapse type. Because HFS induces a fast and large increase in intracellular Ca 2+ to generate LTP, application of this induction paradigm at the stellate neuron synapses to a level to induce LTP. This might be the same reason that application of the pairingparadigm induces LTP at the Schaffer collateral-CA1 pyramidal neuron synapses of the hippocampus, but LTD at the stellate neuron synapses of the EC. Application of forskolin induces LTP at hippocampal mossy fiber-CA3 pyramidal neuron synapses (Weisskopf et al. 1994; Huang et al. 1994) , but not at mossy fiber-CA3 interneuron synapses (Maccaferri et al. 1998) suggesting that the intrinsic properties of the synapses determine the expression of this chemical-induced LTP. Indeed, forskolin-induced LTP is presynaptically expressed and requires signaling cascades including adenylyl cyclase, cyclic AMP, protein kinase A and Rab3A (Huang et al. 1994 (Huang et al. , 1995 Villacres et al. 1998; Lonart et al. 1998) . The inability of the stellate neuron synapses to express this form of LTP suggests that one or more of these signaling molecules are missing at this synapse type. However, in the present study, we have only examined the induction of LTP at the synapses formed between stellate neurons and the inputs from the deep layers of the EC.
Stellate neurons also receive inputs from other cortical regions such as olfactory cortices.
Actually NMDA receptor-dependent LTP has been observed in the superficial layers using field recordings when a stimulation electrode was placed in the molecular layer of the EC (layer I) (Alonso et al. 1990) . Therefore, the expression of LTP at the stellate neuron synapses formed with other inputs remains to be determined. Because the EC in the parahippocampal region is crucially involved in the acquisition, consolidation and retrieval of long-term memory traces for which working memory operations are essential, the feedback modulation from the stellate neuron synapses is likely to influence the memory processes. (50 µM) blocked pairing-induced LTD (n=6) whereas application of the inactive analog
